Metabolic functions are generally optimized within a narrow range of body temperatures (T b 's), conferring thermoregulation great importance to the survival and fitness of an animal. In lizards, T b regulation is mainly behavioral, and the metabolic costs associated with behavioral thermoregulation are primarily locomotory. In reptiles, however, it has been proposed that they thermoregulate less precisely when the associated costs, metabolic or otherwise, are high. Such a strategy enhances fitness by allowing lizards to be more flexible to changing environmental conditions while maximizing the benefits of maintaining a high T b and minimizing energy expenditure. We evaluated the behavioral thermoregulation of inland bearded dragons Pogona vitticeps under various thermal quality conditions requiring different locomotory investment for thermoregulation. The selected ambient temperature and preferred T b ranges increased at lower environmental thermal qualities, indicating a decrease in thermoregulatory precision in environments where the costs associated with thermoregulation were high. The level of thermoregulation was also affected, exhibiting a decrease in preferred T b of ∼2ЊC at the lowest-thermal-quality treatment. These data provide important implications for the procedural assessment of preferred T b and a better understanding of thermal set points in reptiles in general. Our results emphasize that the precise maintenance and assessment of preferred T b is contingent on the quality of the environment, laboratory or natural, that the animal inhabits.
Introduction
Most biochemical and physiological functions are optimal within a narrow range of body temperatures (T b 's; Hutchison and Dupré 1992; Peterson et al. 1993) . Behavioral, ecological, and physiological processes-such as the ability of reptiles to avoid predators (Christian and Tracy 1981) , their feeding behavior (Vandamme et al. 1991) , and their embryonic development (reviewed in Booth 2006)-have also been demonstrated to exhibit strong temperature dependency. Consequently, the ability to respond to environmental thermal gradients and to tightly regulate T b has direct implications for the survival and overall fitness of an animal. Only an animal that is capable of maintaining its T b at or near the optimal physiological temperature (i.e., the T b at which most physiological functions are optimal) will be able to achieve maximum performance.
Despite being ectothermic, reptiles in the field and in laboratory environments are capable of regulating their T b within a narrow range. The regulation of a relatively constant T b , typically higher than that of their surrounding environment, is made possible by a series of behavioral adaptations that exploit temporal and spatial gradients in thermal variability (Cowles and Bogert 1944; Bennett and Ruben 1979; Row and BlouinDemers 2006b) . Modest physiological responses enhance the efficacy of these behavioral mechanisms (reviewed in Seebacher and Franklin 2001; Seebacher and Franklin 2003; Seebacher and Franklin 2005; Tattersall and Gerlach 2005 ) by modifying the rates at which T b may change during a particular behavioral regime.
The precision with which lizards thermoregulate has been proposed to be related to the thermal quality of the environment (Huey 1974; Huey and Slatkin 1976) . Poor-thermalquality environments have a lower availability of thermally favorable habitats, and the proximity between these is low. In such environments, the energy and time invested in locomotion associated with behavioral thermoregulation are relatively high. Thermoregulatory behavior can also interfere with social, antipredatory, territorial, or feeding activities (Dewitt 1967; Huey and Slatkin 1976) , which are added costs of maintaining T b at or near a physiological optimum. Based on these principles, Huey and Slatkin (1976) proposed a mathematical cost-benefit model for thermoregulation in lizards. The model predicts that lizards will thermoregulate (i.e., exhibit behaviors consistent with an attempt to maintain near constant T b ) only if the costs associated with this behavior do not outweigh the physiological benefits. If thermoregulatory costs are high, less precise thermoregulation is expected. This strategy allows reptiles to be more flexible to changing environmental conditions, minimizing the energetic requirements associated with a precisely reg-ulated T b in situations when the benefits of behavioral thermoregulation might be minimal or even detrimental.
Although a number of studies have looked at the effect of environmental thermal quality on the thermoregulatory strategies of reptiles in the field (Dewitt 1967; Hertz et al. 1993; Weatherhead 2001b, 2002; Row and Blouin-Demers 2006a, 2006b) , fewer have addressed this question in a laboratory setting, where the costs may be easily controlled or manipulated (but see Campbell 1985; Withers and Campbell 1985; Herczeg et al. 2006) . In laboratory conditions, the costs of thermoregulation are almost entirely dictated by the experimental methodology. Animals would be expected to thermoregulate accordingly, exhibiting more precise thermoregulation in experimental setups that require less thermoregulatory effort (i.e., time and energy investment).
This study evaluates the predictions from the cost-benefit model for lizard thermoregulation proposed by Huey and Slatkin (1976) within a controlled laboratory setting. We used three main experimental scenarios, each imposing different costs to thermoregulation. The first, an extreme-temperatures shuttle box, where the temperature in one compartment was maintained at 50ЊC while the other was kept at 15ЊC, imposed the highest potential costs. The second series involved a rampingtemperatures shuttle box programmed to increase or decrease temperature depending on the location of the lizard inside the box (left or right chamber) at a constant rate. Rates of temperature change of 0.7Њ, 0.4Њ, and 0.1ЊC min Ϫ1 were used, imposing intermediate costs. The third scenario was a thermal gradient. Because the amount of movement required for a lizard to obtain its preferred temperature is minimal in a thermal gradient, the costs of thermoregulation are lowest.
The data obtained yield information on the thermoregulatory strategies used by lizards in different thermal quality environments and provide insight into the relative importance of the locomotory costs intrinsic to different experimental techniques used to assess the behavioral thermoregulation of ectotherms. In addition, our results allow us to assess the influence of commonly used methodologies on the evaluation of lizard thermoregulatory behavior.
Material and Methods

Experimental Animals
Twelve (eight male and four female) inland bearded dragons Pogona vitticeps were used during this study. Animals were raised in captivity from eggs and were 1 yr of age or older at the time of experiments. Mass of the experimental animals ranged from 219 to 417 g. The lizards were housed in sandlined terraria (93 cm # 70 cm # 35 cm), each containing a 100-W lightbulb placed at one end for thermoregulation. The terraria were further enriched with small logs and an opaque plastic container (34 cm # 26 cm # 18 cm) that provided shade and shelter. The dragons were kept on a 12L : 12D photoperiod (8:00 a.m.-8:00 p.m.) and were fed a daily diet of chopped vegetables. A source of protein-such as crickets, mealworms, or cat food-was provided at least once a week.
All procedures involving the use of these animals were approved by the Brock University Animal Care and Use Committee (AUPP 04-10-01).
Experimental Setup
Shuttle Box. Two different types of experimental apparatuses were used to evaluate the behavioral thermoregulation of lizards: a shuttle box and a thermal gradient. The shuttle box consisted of a wooden chamber (119 cm # 61 cm # 45 cm) divided into two identical compartments by a Plexiglas partition. A -cm hole at the bottom of the partition con-11.5 # 14 nected the two compartments, allowing for movement between them (shuttling behavior). Internal wooden walls in each of the compartments ran from each of the corners of the box to the edge of the opening in the partition, creating a funnel that guided lizards to the opening between compartments and thus facilitated shuttling. The enclosure was symmetrically illuminated by two 13-W compact fluorescent lightbulbs. Infrared cameras installed inside the box allowed for continuous behavioral monitoring without disturbance from the observer.
By stepping on a treadle switch located on the floor between the two compartments, lizards regulated the temperature inside the box each time they switched compartments and, by doing this, regulated their own T b . A 10ЊC differential between the two compartments was maintained at all times during the experiments, creating a spatial temperature contrast that guided the lizards toward an instantly warmer or cooler temperature. Heating and cooling of the box was controlled by an automated electronic system. The cooling sources consisted of a radiator located at each end of the box through which cold antifreeze (ethylene glycol) was circulated from a refrigerated water bath capable of cooling to Ϫ30ЊC. Electric heating elements were also positioned at each end of the box in close approximation with the air flowing through the radiators. Fans behind the heating and cooling sources blew the cold or warm air inside the box and continually mixed the air, maintaining similar temperatures and oxygen levels throughout each of the compartments. The treadle switch indicated the location of the lizard inside the box (heating or cooling compartment) and activated the automated electronic system that controlled the heating or cooling sources accordingly.
Once a lizard was positioned inside the heating compartment, the air inside the box was automatically heated at a fixed rate. This rate could be modified to accommodate the specifications of the different experimental protocols used in the study (see "Experimental Design"). The temperature continued climbing until the lizard moved to the cooling compartment, when the air inside the box was cooled at the same fixed rate as when heating. Maximum and minimum achievable temperatures inside the box were set at 46.5Њ and 10ЊC, respectively, as a safety precaution for the well-being of the animals.
Thermal Gradient. The gradient consisted of a wooden box (160 cm # 8 cm # 50 cm) illuminated by 15-W incandescent lightbulbs suspended at 40-cm intervals from the top, along the gradient. Copper tubes ran beneath a copper sheet from both ends of the gradient. A constant flow of cold water from one end and of hot water from the other created a relatively linear thermal gradient along the copper plate. The thermal profile of the gradient was empirically determined by measuring the temperature on the surface of the copper plate at 10-cm intervals along the length of the gradient. Temperatures on the gradient ranged from ∼15ЊC at one end to ∼50ЊC at the other end and can be described by the equation
), where d is the distance (cm) from the cold 2 14.99 r p 0.9879 extreme of the gradient and T a is the temperature on the copper plate at a distance d. An air temperature gradient (‫2ע‬ЊC of the corresponding floor temperature) was also maintained inside the box by blowing cold (15ЊC) and warm (50ЊC) air with fans located at each end of the box.
Recording Temperature
Shuttle Box. Air temperatures (T a 's) in the heating and cooling compartments of the shuttle box were obtained from thermistors suspended at each end of the box (accurate to 0.1ЊC; resolution of 0.01ЊC). The T a 's were automatically recorded by custom-built software (electronics shop, Brock University) every 30 s and whenever the lizard moved from one compartment of the shuttle box to the other. The upper escape temperature (UET a ) was defined as the T a inside the heating compartment at the time when the lizard moved to the cooling compartment. The lower escape temperature (LET a ) was the T a inside the cooling compartment at the time the lizard shuttled to the heating compartment. Simultaneous records of the location of the lizard (heating or cooling compartment) were also obtained throughout the duration of the experiments. The T b was obtained at 30-s intervals throughout all the experiments, from small (12 g) telemeters (model TA11CTA-F40 or TA10CTA-F40, Data Sciences International PhysioTel and MultiplusTM implant; accurate to 0.1ЊC, resolution of 0.01ЊC) implanted in the abdominal cavity of the lizards (see "Surgery and Telemeter Implantation"). These transmitters emit radio frequencies directly proportional to temperature. A three-point calibration curve was created for each telemeter; temperature values were found to be within 0.1ЊC of the values of the shuttle box thermistors. The telemeter signal was amplified by a series of 16 custom-built antennae equidistantly located beneath the floor of the shuttle box. The antennae obtained the signal from the implanted temperature telemeter and transmitted it to a custom-built receiver (electronics shop, Brock University). In addition to the information provided by the treadle switch activation, the exact location of the lizard within the shuttle box was determined through relative differences in the signal strength obtained from the 16 antennae. Telemeter frequency and location of the lizard obtained from the telemeters were automatically registered every 30 s. The signal was relayed to a computer in an adjacent room, where the frequencies were decoded to T b using empirically determined second-order polynomials (the best-fit relationship between frequency and temperature).
Thermal Gradient. Similar to the shuttle box, a series of 16 antennae were equidistantly located along the longitudinal axis of the gradient and on each side of the chamber (i.e., a total of 32 antennae). The position of the receivers effectively partitioned the gradient into 16 thermal zones of 10 cm each. The T b and location of the lizard within the 16 thermal zones inside the gradient were automatically registered every 30 s and relayed to a computer as described above. A selected T a was obtained by comparing the position (in cm) of the lizard inside the gradient with the thermal gradient's temperature profile described above.
Surgery and Telemeter Implantation
To prepare animals for surgery, anesthesia was rapidly induced by placing the lizards in a container with small pieces of gauze soaked with halothane. Once the animal had lost its righting ability, it was intubated, administered with 3%-4% isoflurane, and ventilated with a small rodent ventilator (model INSPIR Asv.) at 7-10 breaths min Ϫ1 and a tidal volume of 3-5 mL. Once the withdrawal response to pinching of the hind foot had ceased, isoflurane concentration was lowered and maintained at 1%-2% until the end of the surgery. The skin was cleaned using alcohol, Betadine scrub, and Betadine solution. A small incision (1.5-2 cm) lateral to the midline was made through the skin and the muscle wall, and the telemeter was implanted inside the abdominal cavity of the lizard. Last, the muscle wall and the skin were sutured and glued with tissue adhesive (3M Vetbond). The lizards were allowed at least 3 wk of recovery from surgery before experimentation. All animals recovered well and appeared healthy the day after surgery. All males resumed their typical courtship and territorial display behavior on the days following surgery (sometimes even hours after surgery), suggesting that the procedure was not debilitating and did not adversely affect the animals.
Experimental Design
Lizards were fasted for a period of 12 h before the experiments. All experiments were run from 8:00 a.m. to 8:00 p.m. Lizards were given an initial 4.5-h habituation period; the data obtained during the subsequent 7.5 h were used in the analysis (see "Results," "Series I: Exploratory Shuttling," for details on how the habituation period was determined). At the beginning of each experiment, a lizard was weighted and placed inside the experimental chamber (shuttle box or thermal gradient). The experimental protocol was divided into series I (exploratory shuttling) and series II (effect of environmental thermal quality on the precision and level of behavioral thermoregulation) experiments. For series I, lizards were randomly placed in either the left or the right compartment, whereas in series II, the animal was initially placed at the warmest side of the experimental apparatus. Placing a lizard in a cool environment at the beginning of the day, when the animal was already cold and had just emerged from its nocturnal shelter, would have further cooled the animal and induced lethargy. This would have hin-dered the animal's movement capacity and thus its capability to explore, shuttle, learn, and thermoregulate inside the apparatus. At the end of each experiment, lizards were returned to their housing facilities.
Series I: Exploratory Shuttling. The purpose of this series of experiments was twofold: first, to test possible bias or preferences for one of the two compartments of the box in the absence of thermal stimuli and, second, to determine the amount of movement that would occur between the two compartments unrelated to temperature regulation (exploratory shuttling [ES] ) throughout the day. This information allowed for the determination of a period of time after which ES was considerably diminished or nearly abolished. Determining the length of this initial habituation period guaranteed that in subsequent experiments where behavioral thermoregulation was being evaluated, all or at least most of the shuttles occurring thereon would be evoked by a thermal stimulus (i.e., were thermoregulatory in nature) rather than representative of spontaneous exploratory behavior. In addition, comparing the amount of shuttling occurring between these experiments and series II experiments, where a thermal stimulus was present, allowed us to determine whether the behavior of the lizard was different from that of an animal moving without thermal stimuli to guide it (i.e., a randomly exploring animal).
Twelve lizards were used in the ES experiments. During these experiments, both sides of the shuttle box were maintained at a constant air temperature of 34.5ЊC. This temperature is well within the range of T b 's and T a 's for active bearded dragons in the field (Bartholomew and Tucker 1963) and should not be expected to evoke any thermoregulatory responses in the lizards (i.e., the movements of the lizard inside the box should not be evoked by a necessity to search for a more suitable temperature). During the experiments, the time and location (heating [right] or cooling [left] compartment) of the lizard were recorded automatically at 30-s intervals and every time the lizard shuttled from one compartment of the box to the other (i.e., a shuttling event). This allowed for the calculation of ES frequency throughout the day.
For each experiment, the 12 h of data were subdivided into 30-min intervals, and the number of shuttling events in each 30-min interval was then converted into percentages of the total daily shuttles. These 30-min percentages were averaged for the 12 lizards, and the appropriate habituation period for series II experiments was determined as the time when at least 90% of all ES events had taken place. The conversion of 30-min frequencies into percentages allowed for comparisons between experiments, eliminating possible biases from lizards that exhibited much higher or lower levels of exploration than others.
Series II: Effect of Environmental Thermal Quality on the Precision and Level of Behavioral Thermoregulation.
To examine the effect of thermal quality on the precision and level of thermoregulation, 10 lizards were exposed to different levels of environmental thermal quality. This was done by varying the rate of temperature change ( p change of temperature dT /dt a per unit time; hereafter denoted dT a ) in the electronic shuttle box. Higher dT a 's translate into more thermally challenging environments, because under these conditions, the animal is forced to shuttle a greater number of times to maintain a similar T b range than under conditions of lower dT a . The dT a 's used in these experiments were 0.7Њ, 0.4Њ, and 0.1ЊC min Ϫ1 . This type of shuttle box, in which the temperatures inside the chambers changed continually, will be referred to as the ramping shuttle box. Additionally, lizards were exposed to an extreme-temperatures treatment, during which the temperature of the heating compartment was maintained at a constant 50ЊC while the cooling compartment was held at a constant 15ЊC. This regime required frequent shuttling behavior between extreme environmental temperatures for precise thermoregulation to occur. The extreme-temperatures methodology is comparable to shuttle boxes commonly used in studies of behavioral thermoregulation in lizards (Myhre and Hammel 1969; Berk and Heath 1975a, 1975b; Hicks and Wood 1985; Blumberg et al. 2002) , whereas the ramping shuttle box has, to the best of our knowledge, been used only in studies of fish (McCauley 1977; Reynolds and Casterlin 1979; Schurmann et al. 1991; Staaks et al. 1999; Petersen and Steffensen 2003) .
Preliminary experiments (ramping shuttle box at 0.7ЊC min Ϫ1 ) showed that on some occasions, lizards moved only during the initial period of the experiments and then retreated to a corner inside the cooling compartment, where they remained until the end of the 12-h experimental period. There was 100% probability of this occurring once a lizard reached the lowest temperature achievable inside the box (10ЊC). It is unclear whether these results reflect the learning ability of some lizards that might have required a training period to learn how to thermoregulate inside the box, the motivational state of the animals not to thermoregulate, or even an increased tolerance to low temperatures. We decided, therefore, to use the 4.5 h of habituation (see "Results," "Series I: Exploratory Shuttling," for how the habituation period was determined) as a training period. Whenever a lizard moved to the cooling compartment during this habituation and training period and remained in it long enough to reach 10ЊC, the lizard was gently prodded toward the heating compartment. Although on many occasions this training translated into the lizard actively shuttling during the 7.5 h of data acquisition, on other occasions lizards moved only during the first 1-3 h of data acquisition and then remained in the cooling compartment. These lizards were not considered to be actively thermoregulating. As a conservative approach, these lizards were left inside the box for another 1.5 h after reaching the coldest achievable temperature. Lizards were then removed from the shuttle box and returned to their housing facilities. These experiments were repeated at a later date.
On occasion, lizards were found straddling the two compartments of the shuttle box. Exact duration of straddling events was determined by a combination of visual observations through the video cameras inside the shuttle box and the lo-cation of the lizard indicated by the receivers beneath the shuttle box.
The thermoregulatory behavior of nine of the lizards was also evaluated in a thermal gradient. Thermal gradients allow the animals to position themselves at a suitable environmental temperature within the gradient, presumably reflective of their preferred T b .
Assessment and Description of Thermoregulatory Variables. The T b distribution of lizards is characterized by a negative skewness (Dewitt 1967; Dewitt and Friedman 1979) . For this reason, Dewitt (1967, p. 62) proposed that the level of thermoregulation be expressed by the median instead of the mean of the distribution and the precision as "the range of temperature within which a certain percentage of all observations are found." Consequently, the selected T a and preferred T b (the level or outcome of thermoregulation) are expressed in this study as the medians of the individual animal's selected T a and T b , respectively, over the last 7.5 h of the experiments. Following Dewitt (1967) , the precision of thermoregulation was evaluated by comparing the size of the preferred T b range (DT b ) and selected T a range (DT a ) across experimental treatments. The DT b is defined as the difference between the high and the low limits (HT b L and LT b L, respectively) of the central 68% range of the T b distribution (Dewitt 1967; Dewitt and Friedman 1979; Hertz et al. 1993) , while DT a is delimited by the high and low limits (HT a L and LT a L, respectively) of the central 68% range of the T a distribution, such that and
central tendency have also been proposed to describe the range of preferred T b (e.g., the central 50%, 80%, or 95%), much of the existing literature on behavioral thermoregulation in the laboratory Campbell 1985; Hicks and Wood 1985; Withers and Campbell 1985; Arad et al. 1989; Ladyman and Bradshaw 2003; Petersen and Steffensen 2003) uses the standard deviation as a measure of variation in T b .
Because the central 68% of observed temperatures is the equivalent of ‫1ע‬ SD in normally distributed data, the use of this range allows for comparisons between studies. In the ramping shuttle box experiments, because UET a and LET a (see "Recording Temperature" for a detailed description) determined the absolute range of T a 's experienced by the lizards, these values also provided an indication of thermoregulatory precision. Furthermore, the measurement of these variables also allowed us to evaluate the degree of precision with which lizards exhibit the escape behaviors that are ultimately a reflection of the animal's peripheral temperature thresholds (i.e., set points). Some studies in the past have used upper and lower escape body temperatures (UET b 's and LET b 's) as proxies for upperand lower-temperature set points (Berk and Heath 1975b; Hicks and Wood 1985; Kingsbury 1993) . Escape T b 's and T b set points, however, are not necessarily analogous. Because T b usually lags behind changes in T a , the T b of even small animals will continue to climb or decline for several minutes after the initial thermal escape response, thus achieving higher and lower values than their corresponding T b exit temperatures. For this reason, at least in animals with significant thermal inertia, such as P. vitticeps, we consider that UET b and LET b are inadequate descriptors of T b thresholds and provide little information with regard to thermoregulatory precision. Consequently, these parameters were not used in the analysis.
The effect of environmental thermal quality on the precision of the escape responses was investigated using the coefficients of variation (CVs) of upper and lower escape temperatures. We calculated the CVs of UET a and LET a for each lizard at each of the ramping shuttle box experimental conditions and the CVs of the UET b and LET b from all of the shuttle box experiments. Having the CVs of both ambient and body escape temperatures allowed us to determine possible relations between the precision of these two variables. Furthermore, it allowed us to obtain a comparable estimate of precision in the escape responses of the extreme-temperatures shuttle box conditions, for which ambient escape temperatures were not obtainable (because these are not determined by the animal per se but are dictated by the experimental paradigm).
Unless stated otherwise, values for UET a , LET a , T a , and T b are presented as the mean (‫ע‬SD) for all lizards of the medians of the corresponding distributions of each individual recorded over a 7.5-h period of time (Fig. 1) . All other parameters are mean (‫ע‬SD) values of individual animals' means.
The selected T a of a randomly moving animal will tend to vary around the midpoint of the range of available environmental temperatures. This value was 28.2ЊC in all of the ramping shuttle box conditions (lowest possible temperature was 10ЊC, and highest possible temperature was 46.5ЊC) and 32.5ЊC for the thermal gradient (15Њ-50ЊC). To determine whether the movements of the lizards were in fact thermoregulatory or whether, on the contrary, they were random with respect to temperature, we compared the selected T a for the different treatments with these values.
Data Processing and Statistical Analysis. Because T b was measured using telemeters, estimates were often met with periods of time where no signal could be adequately detected. In cases where electrical noise interfered with the signal of the telemeter, data points were reconstructed using a double parabolic interpolation using temperature points before and after the noise event. Points were interpolated only when the temperature trend of the interpolated range was clear, never exceeding 10 min, or when the direction of temperature change did not vary within the interpolated range (i.e., where temperature only either increased or decreased). This could be determined by the direction of the slopes of the reliable temperature traces before and after the interpolated range. Experiments that did not fulfill these requirements were excluded from the analysis and repeated at a later date. Interpolations were performed using the "XLXtrFun Excel Extra" functions for Microsoft Add-In software.
Medians for UET a , LET a , T b , and T a ; means for DT b and DT a ; and CVs of UET a , LET a , UET b , and LET b across the 7.5 h of experimental conditions were compared between treatments using repeated-measures ANOVA (RMANOVA). To account for possible correlations between the different T a and T b variables (i.e., T b , T a , UET a , LET a , DT b , and DT b and also between CVs of escape temperatures), Bonferroni-Holm procedures (Holm 1979) were performed on P values.
Because the rates of heating and cooling of an animal are mass dependent, it was important to examine the effect of mass on T b and selected T a . To determine possible mass effects within treatments, regression analyses were run between mass and T b and mass and selected T a at the five different experimental treatments.
The number of shuttles per hour between the morning and the afternoon hours (first 4 and last 8 h) for series I experiments was compared using a paired t-test. Differences in the number of shuttles per hour of the last 7.5 h of experiment between series I and series II experiments were tested with one-way RMANOVA.
Selected T a values for series II experiments were compared with the expected T a values of randomly moving animals using one-sample t-tests. This could not be done for the extremetemperatures conditions. Although if necessary, an average T a could be calculated by simply multiplying T a by the amount of time spent at each temperature and then dividing by total time; this would be an artificial estimate of selected T a because, in reality, the fixed nature of the setup only allowed lizards to choose between two fixed temperatures. Furthermore, the fact that lizards sometimes straddled the two compartments increases the difficulty of obtaining an accurate T a estimate, questioning the validity of this value.
Differences were considered significant at . When-P ≤ 0.05 ever significant effects were detected, differences between groups were further explored using the Holm-Sidak procedure as a post hoc method. This method was preferred over the Tukey's test because it allows for both pairwise and versuscontrol group comparisons. All statistical analyses were performed using SigmaStat statistical software (ver. 3.0).
Results
Series I: Exploratory Shuttling
All lizards engaged in exploratory shuttling shortly after being placed inside the box (within half an hour). Interindividual variability was high, with lizards exhibiting anywhere from two to 405 shuttles during the 12 h of observations. The back and forth exploratory behavior continued at a higher rate for approximately 4 h, at which point ) than during the remaining 8 h ( times h Ϫ1 ), 1.1 ‫ע‬ 1.85 when ES was rare or absent (Fig. 2) . Based on these results, a 4-h habituation period was considered appropriate for subsequent thermoregulatory assessments. Nevertheless, for the purpose of maintaining consistency with a companion study (Cadena and Tattersall 2009) , an extra 30 min of habituation was given to the animals, resulting in a total of 4.5 h of habituation and 7.5 h of analyzable data. Lizards shuttled significantly more during all series II experiments (extreme-temperatures shuttle box and the three levels of ramping shuttle box), where a thermal stimulus was present, than during series I experiments, where the temperature was constant throughout the box ( , ) . F p 8.11 P ! 0.001 4, 36 To test for possible bias for one of the compartments, we compared the amount of time spent in the left and right compartments of the shuttle box (paired t-test). There was no statistical difference in the total amount of time spent in each side of the shuttle box either when the 12 h of experiment were analyzed ( , ) or when the morning (first 4 t p 1.21 P p 0.253 11 h of experiment characterized by high ES) and afternoon times were analyzed separately ( , , and t p 1.37 P p 0.197 t p 11 11 , , for the morning and afternoon analyses, re-1.04 P p 0.322 spectively), suggesting no bias for a particular side of the shuttle box.
Series II: Effect of Environmental Thermal Quality on the Precision and Level of Behavioral Thermoregulation
General Observations. Shortly after being placed in the shuttle box, the lizards engaged in frequent shuttling behavior. As in Figure 3 . Representative trace of body temperature (T b ) and selected ambient temperature (T a ) of one lizard (Pogona vitticeps) during (A) a ramping shuttle box with a rate of temperature change (dT a ) of 0.7ЊC min Ϫ1 treatment and (B) an extreme-temperatures shuttle box treatment; note that the T a trace shown in this graph is derived from when the lizard presses on the cold (left) or hot (right) side of a treadle switch on the floor between the compartments. Because in some instances the lizard remained astraddle the two compartments (shaded areas), the actual T a experienced by the lizard in these cases is a combination of the temperatures inside the two compartments. C, Thermal gradient treatment. Exact detection of T a in the thermal gradient was not possible because animals were large enough to be straddling a range of possible T a 's rather than one fixed T a . All traces are plotted for the 7.5 h during which observations were recorded (12:30 p.m.-8:00 p.m.). series I, shuttling was usually more frequent during the first 4 h of the experiment (habituation period), after which shuttling usually became more periodic and regular. By continuously shuttling back and forth between the heating and the cooling compartment of the box, lizards were able to maintain a relatively constant T b (Fig. 3A) . Two of the 10 lizards (one male and one female), however, appeared to be poor thermoregulators, requiring three or four exposures to an experimental treatment for successful thermoregulation to be observed (continuous shuttling between the two compartments throughout the experiment). This response is similar to that previously observed in rainbow trout by Schurmann et al. (1991 , , for the thermal gradient) such that lizards 6.48 P p 0.0002 moving inside the shuttle box and the thermal gradient were not moving randomly with respect to their thermal environment. During the extreme-temperatures conditions, lizards were frequently observed straddling the two compartments (Fig. 3B) . On these occasions, lizards were observed with the lower half of their body (tail, back legs, and abdomen) in the cold compartment while their front legs and head remained in the hot compartment. Fifty percent of lizards displayed straddling behavior at one point or another during the extremetemperatures condition. As a result, lizards spent h 1.5 ‫ע‬ 1.8 astraddle the two compartments during the 7.5 h of extremetemperatures experimental conditions. This straddling behavior was not observed under any of the other thermal quality regimes.
Regression analyses did not yield significant correlations between mass and either T b or T a in any of the experimental treatments ( ). A regression analysis between mass and P 1 0.05 T a could not be performed in the extreme-temperatures condition because of the fixed-temperature nature of this setup. the 0.1ЊC min Ϫ1 treatment ( Fig. 4; Table 1 ), although the 0.4ЊC min Ϫ1 protocol was not significantly different from the others. The analysis of CVs for UET a , LET a , and UET b did not yield significant differences between any of the ramping shuttle box treatments. On the other hand, mean CV of LET b was significantly higher at the extreme-temperatures than at any of the ramping shuttle box treatments ( , ) . The F p 6.55 P p 0.007 3, 27 CVs of escape temperatures are presented in Table 2 .
Precision of
The DT a increased progressively with decreasing thermal quality treatments. Differences in DT a were significant between the thermal gradient and all of the ramping shuttle box treatments but not within any of the latter ( , F p 37. 62 P ! 3, 26 ). This increase in DT a was the result of a progressive 0.001 decrease in LT a L and an increase in HT a L with lower-thermalquality treatments (Fig. 4; Table 1 ).
The T b distributions exhibited negative skewness at all treatments, indicating a higher variability in T b at lower temperatures than at higher temperatures. Both the HT b L and the LT b L of the T b range were lowered by the extreme-temperatures treatment. This lowering effect was more pronounced for the LT b L Table 1 . Animals were evaluated for 7.5 h at each of the experimental conditions. A dagger refers to a significant effect in UET a and LET a when compared with 0.1ЊC min Ϫ1 dT a values, and a double dagger refers to a significant difference in T b with respect to all other treatments with the Holm-Sidak post hoc test ( ). P ! 0.05 ( Fig. 4; Table 1 ), which translated into a significant increase in DT b at the extreme-temperatures treatment ( , F p 4.55 4, 35 ; Table 1 ), compared with the ramping shuttle box P p 0.015 and the thermal gradient experiments.
Level of Thermoregulation. Because of the fixed-temperature nature of the extreme-temperatures treatment, selected T a would not be meaningful and thus could not be compared for this thermal quality condition. Selected T a was not significantly different among any of the ramping shuttle box and the thermal gradient treatments ( , ; Table 1 ). The T b F p 1.15 P p 0.347 3, 26 was only significantly lower in the extreme-temperatures treatment compared with the ramping shuttle box or thermal gradient treatments ( , ; Fig. 4 
Discussion
Effect of Thermal Quality on the Behavioral Thermoregulation of Reptiles
Pogona vitticeps appears to be a precise thermoregulator capable of maintaining T b between 34.7Њ and 35.2ЊC, with a range of approximately 2.5Њ-3ЊC (DT b ; Table 1 ) under all but the lowestthermal-quality condition used in this study. Although the range of masses used in this study seemed wide (219-417 g), it did not appear to have an effect on the thermoregulation of the lizards.
It is evident from the difference in the number of shuttles between the control (series I) and the thermoregulatory (series II) experiments, as well as the significant departure of selected T a values from values predicted from randomly exploring animals, that the movements of the lizards inside the experimental apparatuses were in fact thermoregulatory. Furthermore, given that lizards do not manifest any changes in thermal preference (either T b or T a ) between the thermal gradient and the ramping shuttle box trials even when the midpoint temperature values differ (32.5Њ and 28.2ЊC), this argues for the robustness of the animal's thermoregulatory responses under these vastly different regimes.
The behavioral thermoregulation of these lizards was affected by environmental thermal quality in a manner consistent with the cost-benefit model of lizard thermoregulation proposed by Huey and Slatkin (1976) . This model predicts lower thermoregulatory precision in environments where thermoregulation requires higher energy investments. Although these costs might be temperature dependent across a wide temperature range, much evidence suggests constancy of net locomotory costs across the normal preferred temperature range (Rome 1982; Bennett and Johnalder 1984; Emshwiller and Gleeson 1997) . Because variation of T b was small in all experiments, it can be assumed that the temperature effect on metabolism and locomotion is negligible in this study, and thus the effort required to thermoregulate is based primarily on the quantity of movement required to maintain constant T b .
Previous laboratory studies have described the effect of thermal quality on the level and precision of behavioral thermoregulation on T b alone (Campbell 1985; Withers and Campbell 1985) . This is the first study that quantifies the effect of thermal quality on the precision of both selected T a and the resulting T b of an ectotherm. Given the importance of environmental temperature selection in ectotherm thermoregulation, obtain- Note. Temperatures in the compartments of the shuttle box changed at a set rate (dT a ) that was varied to modify the level of environmental thermal quality. Values are means (‫ע‬SD) of 10 lizards during a 7.5-h period.
a Indicates significant differences relative to all of the ramping shuttle box treatments with the Holm-Sidak post hoc test ( ). P ! 0.05 ing information on both selected T a and the resulting T b is crucial to understanding the relative importance of other behavioral and physiological mechanisms involved in lizard thermoregulation, not to mention the potential role of peripheral (which could be estimated from the T a parameters) and central (estimated from the T b parameters) thermal sensory inputs.
The observations from this study demonstrate a decrease in the precision of selected T a with more thermally challenging environments. This is evident when examining both the ambient escape temperatures and the central 68% range of the selected T a distribution. The similar size of the T b range observed in the thermal gradient and ramping shuttle box regimes, however, indicates that the precision of T b is being maintained despite the decrease in the precision of selected T a . The decoupling observed between the range of T a 's selected by the lizards and the range of T b 's actually experienced suggests the intervention of compensatory thermoregulatory mechanisms. Other low-cost behavioral (i.e., panting/gaping, changes in posture) and physiological (i.e., adjustments in heart rate, cardiac shunts, and changes in peripheral blood flow) mechanisms have been shown to play an important role in the temperature regulation of bearded dragons and of reptiles in general (Seebacher and Franklin 2003; Tattersall and Gerlach 2005) . These mechanisms are proportionally recruited according to the magnitude of the deviation from the optimal T b (Seebacher and Franklin 2003; Tattersall and Gerlach 2005) . It is likely that such mechanisms are invoked during thermally challenging conditions. The decreased precision of T b regulation observed at the extreme-temperatures treatment and consequent decrease in mean T b confirm the notion of a decrease in the precision of thermoregulation in thermally challenging environments and suggest that the lizards have a higher tolerance for low temperatures under these conditions. The inability of lizards to maintain a narrow T b range under this lowest-thermal-quality condition suggests possible limitations of the less expensive behavioral and physiological adjustments, which are not able to fully compensate for the relative reduction of more effective but more energetically costly behavioral strategies, such as shuttling. Although altered thermoregulatory precision may not affect every physiological response due to the altered thermal sensitivity of different processes, many important behavioral, ecological, and physiological processes-such as feeding behavior (Vandamme et al. 1991) , embryonic development (reviewed in Booth 2006) , and the ability of reptiles to avoid predators (Christian and Tracy 1981) -have been demonstrated to exhibit strong temperature dependency and could thus be negatively affected by a decrease in thermoregulatory precision.
A similar response was described by Campbell (1985) in a study of the behavioral thermoregulation of the northern alligator lizard (Gerrhonotus coeruleus). As observed in this study, G. coeruleus regulated T b at a higher level in higher-thermalquality conditions. Thermoregulatory precision, on the other hand, did not vary significantly with metabolic costs in Campbell's (1985) study. The methodology, however, did not allow lizards to reach upper-temperature thresholds (the heat source was automatically turned off before the lizards had the chance to reach these thresholds), and therefore measurements of the precision of thermoregulation at the upper spectrum of T b were impossible to evaluate. As a result, it is conceivable that the precision of thermoregulation would have, in fact, been affected. Similar results were found by Withers and Campbell (1985) in a study of thermoregulation in the desert iguana (Dipsosaurus dorsalis). It is likely that the magnitude of the effect of environmental thermal quality on thermoregulatory precision depends on the species being examined and on the thermal complexity of the environments they naturally inhabit such that the thermoregulatory strategies used by different reptiles, both in the laboratory and in the field, reflect the evolutionary and natural history of each species in particular. This could partially explain the different results obtained from the responses observed in bearded dragons (this study), desert iguanas (Withers and Campbell 1985) , and northern alligator lizards (Campbell 1985) .
Field studies of black rat snakes and milk snakes suggest that these animals preferentially select high-thermal-quality habitats such as edges (boundaries between forests and open habitats), where a wide range of temperatures is readily available, supporting the notion that low-cost habitats facilitate behavioral thermoregulation (Blouin-Demers and Weatherhead 2002; Row and Blouin-Demers 2006b). However, contrary to the cost-benefit model of thermoregulation proposed by Huey and Slatkin (1976) , snakes and lizards in their natural habitat have been shown to exhibit a decrease in thermoregulatory effectiveness (a proxy for thermoregulatory precision in field studies of behavioral thermoregulation in reptiles; Hertz et al. 1993 ) and energetic investment in high-thermal-quality environments (Blouin-Demers and Weatherhead 2001b; Blouin-Demers and Weatherhead 2002; Blouin-Demers and Nadeau 2005; Row and Blouin-Demers 2006a) . It has been proposed that these discrepancies between the cost-benefit model of thermoregulation (Huey and Slatkin 1976) and the observations of behavioral thermoregulation of reptiles in the field are due to the high disadvantages of thermoconformity posed by low-thermalquality habitats where the environmental temperatures are close to or within the range of the animals preferred temperatures (Blouin-Demers and Nadeau 2005).
The metabolic costs of locomotion associated with behavioral thermoregulation are only a portion of the costs incurred by animals when thermoregulating. Other costs-such as predation risk, territorial fighting behavior, and food and water availability-also play an important role in ectotherm thermoregulatory behavior (Dewitt 1967; Cabanac 1985; Mathies and Andrews 1997; Lorenzon et al. 1999; Ladyman and Bradshaw 2003) . Different stages of an animal's physiology, such as digestion and reproductive state, are also known to affect the way some reptiles use and select a thermal habitat (Charland and Gregory 1990; Peterson et al. 1993; Blouin-Demers and Weatherhead 2001a) . The relative importance of the different costs associated with thermoregulation can be dissected only in controlled laboratory studies such as this one, where one type of cost can be controlled and varied while other costs can be effectively removed.
The higher variability at the lower spectrum of the T b 's observed in this study, manifested by a negative skewness in the T b distribution, has been previously described by several authors (Dewitt 1967; Berk and Heath 1975a; Tosini and Avery 1993) . This has been attributed to multiple potential causes, including the exponential relationship between physiological activities and T b (Dewitt 1967; Dewitt and Friedman 1979) , the prevalence and increased sensitivity (shown by the responsiveness or slope of firing rate vs. temperature) of warm-sensitive neurons compared with neurons that react to cold temperatures, and the exponential increase in the firing rate of warm-sensitive neurons with increasing temperatures (Cabanac et al. 1967; Firth et al. 1989; reviewed in Nagashima et al. 2000) , all of which would predict an increased responsiveness to higher temperatures than to lower temperatures. In addition, optimal temperatures for physiological functions are often near the lethal limit (Huey and Slatkin 1976) , and while low temperatures can induce lethargy in most species of reptiles, being cold is rarely lethal, especially in laboratory conditions where the risks associated with the immobile state are minimal. Interestingly, and consistent with this, the decrease in thermoregulatory precision we observed at the lowest-thermal-quality level was predominantly the consequence of a decrease in selected temperatures at the lower end of the preferred temperature range (Fig. 4) .
Effect of Experimental Methodology on Behavioral Thermoregulation
One of the predominant techniques used in laboratories to determine thermoregulatory preferences in reptiles is the extreme-temperatures shuttle box. In this type of apparatus, the animal needs to shuttle back and forth frequently between two chambers to maintain T b within its preferred range. Shuttle box experiments intend to mimic shuttling behavioral thermoregulation in the field; the T b patterns observed in shuttle box experiments are similar to those seen in animals shuttling between sun and shade (Heath 1970) . In addition, they allow one to manipulate different conditions of an animal's environment while evaluating modifications to their thermoregulatory behavior. They have the advantage of allowing one to measure these responses repeatedly throughout a trial, reinforcing confidence in the behavioral measure as well as providing useful information on the upper-and lower-temperature thresholds (i.e., set points) of individual species, in addition to acquiring the important preferred T b measurement.
The extreme-temperatures shuttle box used in this study is comparable to the shuttle boxes used in other studies of behavioral thermoregulation (Myhre and Hammel 1969; Berk and Heath 1975a, 1975b; Hicks and Wood 1985; Blumberg et al. 2002) . Lizards thermoregulated less precisely and at a lower level when evaluated with this type of methodology than when thermoregulating in the ramping shuttle box or the thermal gradient. The decrease in precision not only was manifested in the overall range of preferred T b 's but also was seen in the consistency with which an individual lizard escaped the heating and the cooling compartments within a trial (i.e., variation within upper and lower escape temperatures). Studies using extreme-temperatures shuttle boxes to study the effects of different types of stimuli on temperature regulation are thus introducing an extra cost variable that should be taken into account when drawing conclusions on the thermal preferences of reptiles. In other words, any study of thermoregulatory responses to a stressor stimulus performed under costly thermoregulatory conditions sets up a scenario where optimal thermoregulatory behavior may not be possible.
Another purely experimental problem of extreme shuttle boxes is that animals will often elect to situate themselves halfway between the two sides, exhibiting a stable T b but with no behavioral indicators (i.e., no movements, escape responses) of thermoregulation. This was obvious in this study, in which some lizards exhibited a tendency to remain astride the two compartments of the box ( of the time). This 20.6% ‫ע‬ 24.5% straddling behavior was observed only during the extremetemperatures experiments and might serve as an energy-saving behavior in situations when precise thermoregulation is energetically expensive. Indeed, when this straddling occurred, lizards were not necessarily maintaining a similar T b to that observed in other trials but rather a compromised T b (Fig. 3B) . Because an implicit assumption of any assessment of thermal preference is that the thermal location an animal chooses is actually that which it prefers and would return to if disturbed, static shuttle boxes do not easily allow for one to distinguish this response because a preference is not readily resolved. Furthermore, because the motivational state of an animal cannot be known but only inferred, static or extreme-temperatures shuttle boxes may not be reliable indicators of a preferred or regulated T b . The actual T b recorded may thus be the result of coincidence (i.e., the mathematical average of the two extreme temperatures) rather than a preference, making it difficult for analysis of thermoregulation. A further disadvantage of the static shuttle box is that the proximate role of peripheral or external temperature sensations of the lizard cannot be inferred when the animal is sitting still, or even during shuttling, because the animal essentially escapes the hot side or cold side at fixed T a 's.
Another experimental methodology widely used in the study of thermoregulation in ectotherms is the thermal gradient (Hicks and Wood 1985; Arad et al. 1989; Jarling et al. 1989; Branco and Steiner 1999; Branco et al. 2000; Bennett 2004 ). Thermal gradients are inherently low-cost environments because they allow the animals to position themselves at a suitable environmental temperature within the gradient. In contrast to shuttle boxes, however, temperature profiles of thermal gradients do not allow for testing of upper-and lower-temperature thresholds, key descriptors of reptilian thermoregulation (Barber and Crawford 1977). The T a selection is also often inferred from animal location within the gradient, which can be complicated if the animal in question is physically large enough to be straddling a range of possible T a 's rather than one fixed T a (Fig. 3C ) and if air temperatures differ significantly from floor temperature, as thermal gradients with little air flow would exhibit. In such situations, a meaningful correspondence between T b and T a is often not apparent. Furthermore, the existence of a preferred temperature range in reptiles allows the animal to place itself anywhere within this range inside the temperature gradient without the need to change positions or make any corrections to its T b . If this is the case, the resulting estimated preferred T b could then be biased to a low or high value, be multimodal in distribution, or, in the case of extremely inactive animals, be an inaccurate indicator of preferred temperature, making it a less robust method for the evaluation of T b regulation. As in the static shuttle box, the motivational state of the animal cannot be fully known in the thermal gradient, and a simple recording of a stationary lizard at a particular part of the thermal gradient cannot be taken as evidence of a preferred temperature, as it could simply be supportive of a tolerable temperature. Instead, the ultimate location that the lizard exhibits may reflect an active choice not to thermoregulate because of altered motivational states. In light of this, any conclusions regarding an ectotherm's T b set point from thermal gradient experiments need to be made cautiously.
An alternative to the extreme-temperatures shuttle box and the thermal gradient is the ramping shuttle box, such as the one used in this study and commonly used in fish studies (McCauley 1977; Reynolds and Casterlin 1979; Schurmann et al. 1991; Staaks et al. 1999; Petersen and Steffensen 2003) . These shuttle boxes develop a temporal and spatial temperature gradient controlled by the operant responses of the animal. The temperature of the environment is controlled by movements of the animal between chambers, and a constant temperature differential between the two chambers establishes a spatial gradient that guides the movements of the animals to preferred temperatures (Neill et al. 1972) . Thus, by shuttling back and forth between the two chambers, the animal is able to control T a and thus its own T b (Fig. 3A) . As opposed to the extreme fixed-temperature shuttle boxes described above, the slow changes in temperature characteristic of the ramping shuttle box provide the animals with a thermal environment that more closely resembles temporal and spatial variations in temperature encountered in nature. Another advantage of the ramping shuttle box over the traditional ones is that it allows for the determination of the UET a 's and LET a 's along with core T b , allowing for the determination of the possible role of peripheral thermal sensors in central thermoregulatory control. Because the metabolic costs of thermoregulation are lower than in the extreme-temperatures shuttle box, the ramping shuttle box allows for precise and optimal behavioral thermoregulation (as demonstrated in this study) while retaining the inherent advantages of a shuttle box system, discussed above. Although the regulation of a constant T b in a thermal gradient device requires very little energy expenditure when compared with a shuttle box, we did not find significant differences in the precision or level of T b regulation between the thermal gradient and the ramping shuttle box methodologies.
In contrast to the extreme-temperatures shuttle box and the thermal gradient in which the motivational state of the animal is difficult to infer, the ramping shuttle box used in this study forced actively thermoregulating lizards to move to the heating compartment as the temperatures in the cooling compartment kept decreasing and became increasingly distressful for the animals (or vice versa). This allowed us to readily distinguish the animals' volition to thermoregulate, because nonthermoregulating lizards retreated to a corner inside the cooling compartment of the shuttle box and did not resume shuttling behavior. Making the distinction between active thermoregulation and no thermoregulation is important, because taking into account experiments in which lizards were not actively thermoregulating would yield lower preferred T b measurements and a poor depiction of thermoregulatory precision. It is important that behavioral studies of thermoregulation in lizards (and of ectotherms in general) consider the inherent benefits and disadvantages of using different experimental methodologies in order to make accurate inferences about the precision and level of thermoregulation of the species in question.
Conclusions
Our findings suggest that the thermoregulatory mechanisms used by lizards vary in response and in a proportional manner to the thermoregulatory costs associated with thermoregulation. When the costs of thermoregulation are low, lizards will thermoregulate using almost exclusively very effective but potentially energetically expensive behavioral mechanisms, such as shuttling between warm and cool environments. As the costs of thermoregulation increase, lizards will recruit other less expensive behavioral and/or physiological mechanisms-such as changes in posture, panting or gaping, and changes in heart rate and peripheral blood flow-while decreasing the amount of shuttling or abandoning it altogether. This thermoregulatory strategy enables reptiles to respond to changing environmental conditions while minimizing energy expenditure and maximizing the physiological benefits of a tightly regulated T b . Because the thermoregulatory mechanisms used in environments where thermal quality is high (i.e., shuttling) are more effective than those used in environments where environmental thermal quality is poor (i.e., panting, changes in posture, and physiological mechanisms), thermoregulatory precision is sacrificed in lower-quality environments. The concepts outlined here conform to the cost-benefit model of lizard thermoregulation proposed by Huey and Slatkin (1976) that predicted lower temperatures and less careful thermoregulation in habitats where the costs associated with thermoregulation are high.
